Introduction
In recent years, the study of the effects of ionizing radiation in thin gate oxides has received increasing attention. This is due not only to the appearance of new lithography tools for ultra low scale integration (ULSI) technologies, that use X-rays or e-beams, but also for the interest of space, medical, military or high-energy applications, where the complementary metal-oxide-semiconductor (CMOS) read-out circuitry will be subjected to a very hostile radiation environment. A major concern in the reliability of metal-oxide-semiconductor field effect transistor (MOSFET) devices is the formation of interface traps and near-interface oxide traps; called also border traps; under hot carrier injection, irradiation and processing. Traps at or near the semiconductor/gate dielectric interface can cause degraded transconductance (Doyle et al., 1990) , the shifting of threshold voltage (Tsuchiya et al., 1987) and may lead to dielectric breakdown (Chen et al., 1985) . In order to improve the resistance of MOSFET devices to these effects, it is necessary to have a reliable method of determining the densities of both interface traps and oxide traps (Djezzar et al., 2004) . The reliable test procedure to predict radiation response of integrated circuits (IC's) from standard test laboratory, for example in space, is very important and requires a development of simple and rapid electrical characterization techniques easily mountable in production line. Therefore, intensive works have been carried out on the electrical characterization techniques for MOS gate oxide and Si/SiO 2 interface degradation caused by radiation (Schwank et al., 1993) . The charge pumping (CP) technique (Groeseneken et al., 1984 ) is a valuable tool for all kind of traps characterization. In this article, we present an automatic measurement bench programmable by the IEEE-488 bus that permits to characterize MOSFET device degradation induced by gamma radiation at low doses. This characterization permits to extract threshold voltage and flatband voltage for virgin and irradiated samples. Moreover, the determination of the breakpoint frequency that represents the limit between interface and border trap contributions to the charge trap is automatically extracted. The measurement bench is managed by a program, written by a graphical language LabVIEW. LabVIEW is a powerful, platform-independent, graphical programming development system which is ideally suited for data acquisition, storage, analysis, and presentation.
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The LabVIEW environment
LabVIEW (short for Laboratory Virtual Instrumentation Engineering Workbench) is a program development application from National Instruments, much like various C or BASIC software development tools. It is, however, different from those applications in one important respect. LabVIEW uses a graphical language (G), to create programs in block diagram form while other programming tools use text-based languages. LabVIEW includes libraries of functions and development tools designed specifically for instrument control. It has application specific libraries for data acquisition, serial instrument control, data analysis, data presentation and data storage. Nowadays, not only is LabVIEW everywhere (Fig. 1 ), but it offers something for every scientist and engineer. All levels of users, ranging from experienced to non-programmers, will benefit from the interactive, configurable tools, enabling LabVIEW to be used as a one integrated tool for measurement and automation throughout the design process. The LabVIEW system provides an intuitive, graphical interface for the automated control of laboratory equipment. For each specific type of measurement, a virtual instrument (VI) is created. A VI can be regarded as the software equivalent of a single piece of laboratory test equipment, even though the measurement it represents may involve any number of different laboratory units. The programming which coordinates the operation is accomplished graphically in the diagram panel Window using a dataflow language described by an example in Fig. 3 .
To program the VI, we construct the block diagram without worrying about the syntactical details of text-based programming languages. We do this by selecting objects (icons) from the Functions palette and connecting them together with wires to transfer data among block diagram objects. These objects include simple arithmetic functions, Programming Structures, Signal Processing, advanced acquisition and analysis routines, network and file I/O operations, and more. 
Set-up and experimental procedure 3.1 Device and irradiation details
Samples investigated in this work are test structures, which were designed in Microelectronics and Nanotechnology Division of CDTA (Centre de Développement de Technologies Avancées) and fabricated in ES2 (European Silicon Structure) foundry. The different NMOS transistors within test structures were fabricated using a conventional (soft process) dual layer metal CMOS 2 µm N-well technology on p-type silicon <100> substrate with normal concentration of 7.6x1015 boron/cm 3 , N+-poly-silicon gate, and 40 nm thick gate oxide layer grown in dry O 2 . The gate capacitance per area unit, C OX is about of 8.6 10-8 F.cm -2 . The radiation was performed at the CRS (Centre de Radioprotection et de Sureté) Laboratories, Algeria. Irradiation is performed at low doses up to 250 krad on non-packaged samples with gate lengths varying from 2µm to 20µm and width of 80 µm and 300 µm by using 1.25 MeV γ-rays at room temperature. The γ -ray was produced by 60Co cell with lowdose-rate of 200 rad/min. We have characterized the radiation effects at low doses on NMOS transistors. Thereafter, the electrical characterization is achieved by using standard charge pumping technique (CP) at high frequencies.
Experimental set-up
The experimental set-up details of the standard CP technique are shown in Fig. 4 . The MOSFET source/drain terminals have been grounded, the gate terminal has been pulsed by applying a triangular pulse train with amplitude ΔV G of various frequencies, and the substrate terminal has been grounded via a pico-ammeter. The measurements have been performed at room temperature and by using a sensitive Keithley 617 electrometer, Keithley 3940 multifunction synthesizer, and Karl Suss PA300 micro-manipulator semi-automatic probe station.
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For all measurements, a reverse bias is applied to the source and the drain diodes. When the gate is pulsed between inversion and accumulation conditions (from above the threshold voltage to below the flatband voltage), trapping and recombination of carriers under these non equilibrium conditions gives rise to a net DC current that can be measured at the substrate. For relatively high frequency pulses (1 MHz), the CP current is proportional to the average density of interface traps which are physically located within 1 nm of the semiconductor -dielectric interface (Paulsen et al., 1992) . The test circuit chip within the probe station were isolated from vibration and enclosed in a grounded faraday box to avoid both RF and light effects. A computer has been programmed to control the measurement system, record the data, and extract the parameters. The control of instruments has been realized by a program developed with the LabVIEW software via the GPIB IEEE-488 bus.
Since the whole system is in this case based on computer (Fig. 5) , the data is easily ported in ASCII form to other programs or even shared via networking with other machines.
Theoretical background
A commonly used definition of threshold voltage is that gate voltage for which the surface potential (φ S ) in the semiconductor below the gate oxide is given by:
where φ F (V) is the Fermi level potential. Thus, the threshold voltage (Schroder, 1998 ) is given as follows:
where, q (C) is the electron charge, ε si (F/cm) is the permittivity of silicon, N A (cm -3 ) is the substrate doping, C OX (F/cm 2 ) is the gate oxide capacitance per area unit, φ MS (V) is the metal-semiconductor work function difference, Q T (C/cm 2 ) is the total charge density in SiO 2 /Si system. According to the Deal nomenclature (Deal, 1980) , there are four general types of charges associated with the SiO 2 /Si system. Fleetwood (Fleetwood, 1992) has completed this picture of charges by introducing a new charge type termed border trapped charge (Q BT ) as illustrated in Fig. 6 . Thus Q T is given by (Djezzar et al., 2004) :
where, Q F (C/cm 2 ) is the fixed charge density, Q M (C/cm 2 ) is the mobile oxide charge density, Q OT (C/cm 2 ) is the oxide-trapped charge density, Q IT (C/cm 2 ) is the interface-trapped charge density, Unlike fixed oxide charge, oxide trapped charge, and mobile oxide charge, interface trapped charge is in electrical communication with the underlying silicon. by substituting eq. (3) 
where, ΔQ IT (C.cm -2 ) is the radiation-induced interface trapped charges, ΔQ BT (C.cm -2 ) is the radiation-induced border trapped charges, ΔQ OT (C.cm -2 ) is the radiation-induced oxide trapped charges.
Generally, the net radiation-induced oxide and border charges, ΔQ OT and ΔQ BT respectively, are positive and induce a negative shift in V TH . However, ΔQ IT can contribute either a netnegative or net-positive charge, depending on the position of the Fermi level at the silicon surface in inversion mode. Usually, the interface-trap is considered like an acceptor state for NMOS transistor and like a donor state for PMOS transistor. Therefore, ΔQ IT is negative for n-channel (ΔQ IT =-q ΔΝ IT ) and positive for p-channel (ΔQ IT = q ΔΝ IT ) devices (Oldham, 1999) . On the other hand, ΔQ OT = q ΔΝ OT and ΔQ BT = q ΔΝ BT . Where ΔΝ IT , ΔΝ OT , and ΔΝ BT are positive numbers per area unit. So, ΔV TH reads: The Equation 6 is only true when applying a DC signal or a low frequencies (less than a few kHz) AC signal train. Therefore, only ΔN OT and ΔN IT take part in standard charge pumping current at high frequencies. Thus, Equation 6 can be written as:
Where, ΔV OT is now the voltage shift caused by the oxide-trap increase at high frequency measurements. After irradiation, I CP (V B ) (where V B is the base voltage of the gate signal) curves are laterally and vertically shifted. Figure 7 qualitatively illustrates the effect induced by ionizing radiation on CP curves. The lateral shift indicates the introduction of radiation-induced oxide-and interface-trap. However, the vertical one (increase of I CPM ) is indicative of the augmentation of interface-trap density, ΔN IT (numbre/cm 2 ). The I CPM current is given by:
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Thus, ΔV IT is given by:
..
Using Equations 8 and 12, and ΔV OT = -q ΔN OT /C OX , we have expressed ΔN OT , at high frequencies, as:
where, ΔI CPM (A) is the radiation-induced maximum CP current increase.
Experiment
The I CP (V B ) charge pumping measurements were made before and after each irradiation at 25°C. The irradiated NMOS devices were characterized after the latent interface-trap buildup (10 6 s) (Schwank , 1992) . In other words, we made a long delay between irradiation and measurements. The I CP (V B ) standard curves (Elliot curves) were extracted using a triangular signal with an amplitude of 3V and a frequency of 100 kHz. The technique consists in varying V B (signal base voltage) from -6V to 2V. The high frequency value (100 kHz) is chosen basing on Q CP (f) (charge recombined per cycle vs. frequency) measurements performed on our devices. The Q CP (f) characteristics have explicitly shown that the bordertraps contribution starts at 10 kHz as frequency as lowered. Consequently, 100 kHz are largely sufficient to avoid their interference with interface-trap. We expose the experimental results in Fig. 8 . All degraded NMOS transistors exhibit the same general features and behaviours as a function of total dose in charge pumping current I CP (V B ) measured by CP technique. When MOSFET transistors are exposed to uniform degradation such as ionizing radiation, the threshold voltage is shifted. This shift is induced by the creation of oxide-trapped charge (ΔQ OT ) in the dielectric and interface-trapped charge (ΔQ IT ) in the Si/SiO 2 system. After irradiation, the curves obtained from CP technique (current measured (I CP ) vs. the base voltage of the gate signal (V B )) are vertically and laterally shifted. The vertical shift represented by the increase of the maximum CP current, I CPM , indicates the augmentation of the interface trap density, ΔN IT (numbre/cm 2 ) (Fig. 8a) . However, the lateral one indicates the introduction of the radiation-induced oxide-and interface-trap (Fig. 8b) . Fig. 8b gives the I CP (V B ) normalized curves to their respective I CPM , in order to illustrate well the lateral shifts induced by irradiation. These quantities are estimated, as shown in figure 8 , from I CP (V B ) curves at high frequencies. Knowing ΔI CPM and ΔV TH , we are able to calculate ΔN IT from equation 9 and also ΔN OT from equation 11. This is very useful when we want to rapidly get information on the quality of irradiated oxide and SiO 2 /Si interface and also if we intend to study the annealing of both radiation-induced oxide-and interface-trap. Equations 9 and 11 shows clearly that ΔN IT and ΔN OT are is just dependent on experimental parameters ΔI CPM and ΔV TH (Djezzar et al., 2004) . These quantities are estimated from I CP (V B ) curves at high frequencies.
In Fig. 9 , the front panel of the developed software loads two files, of virgin and irradiated MOS devices, respectively and calculates the lateral shift of threshold and flatband voltage, respectively caused by radiation-induced ΔN IT and ΔN OT (normalized charge pumping curves). The software developed permits to extract the radiation-induced threshold voltage shift (ΔV TH ), the radiation-induced flatband voltage shift (ΔV FB ), the radiation-induced oxide-trap (ΔN OT ), and radiation-induced interface-trap (ΔN IT ) are extracted [Oussalah & Djezzar, 2007) . All of the relevant parameters are visible from this screen, as are the experimental results.
The program loads a file of a virgin MOS device and extracts the threshold voltage, the flatband and other parameters.
In Fig. 9 
Conclusion
Experiments with LabVIEW software have been carried out to determine the effects of gamma radiation at low doses on trap densities in MOSFET devices. The threshold and the flatband voltages degradation due to the charge injection from gamma radiation effect at low doses are characterized with the developed software. Since ΔI CPM and ΔV TH are measured, the program is able to extract ΔN IT and ΔN OT . This is very useful when we want to rapidly get information on the quality of irradiated oxide and SiO 2 /Si interface and also if we intend to study the annealing of both radiation-induced oxide-and interface-trap. This makes it a powerful tool for rapid and routinely electrical characterization in hardness assurance test of MOSFET's device qualification for space and strategic applications. Born originally as a software for instrumentation control, LabVIEW became quickly a very powerful programming language, having some characteristics which made it unique: simplicity in creating very effective User Interfaces and the G programming mode. While the former allows for the design of very professional control panels and whole applications, complete with features for distributing and installing them, the latter represents an innovative way of programming: the graphical representation of the code. The surprising aspect is that such a way of conceiving algorithms is extremely similar to the SADT method (Structured Analysis and Design Technique) introduced by Douglas T. Ross and SofTech, Inc. (USA) in 1969 from an original idea by MIT, and extensively used by the US Air Force for their projects. LabVIEW enables programming by implementing directly the equivalent of an SADT "actigram". Apart from this academic aspect, LabVIEW can be used in a variety of forms, creating projects that can spread over an enormous field of applications: from control and monitoring software to data treatment and archiving; from modeling to instrument control; from real time programming to advanced analysis tools with very powerful mathematical algorithms ready to use; from full integration with native hardware (by National Instruments) to an easy implementation of drivers for third party hardware. In this book a collection of applications covering a wide range of possibilities is presented. We go from simple or distributed control software to modeling done in LabVIEW; from very specific applications to usage in the educational environment.
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